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Cooperativity is one of the marvelous "emergent" be- 
haviors of macro-molecules undergoing multimolecu- 
lar reactions  (Perutz,  1990).  Cooperativity sculpts the 
potential energy landscape of such a reaction so as to 
create  a  seemingly teleological pathway for reaching 
and stabilizing a particular state  for example, a multi- 
meric protein with multiple ligand sites occupied. Ligand- 
gated ion channels provide excellent opportunities for 
examination of the function and the mechanistic na- 
ture  of  cooperative  behavior  (Jackson,  1989,  1994; 
Changeux and Edelstein, 1994).  Cooperative ligand ac- 
tivation of ion channels can serve  to create exquisitely 
sensitive molecular switches  at chemical synapses. And 
single-channel recording can provide unique possibili- 
ties for investigating the mechanism(s) underlying co- 
operativity in  single  molecules  (e.g.,  Jackson,  1994). 
While full understanding of the physical mechanisms 
underlying  cooperative  gating  will  require  tertiary 
structure information of multiple structural forms of a 
channel--information unlikely to  be  generally avail- 
able  in  the  near  term--partial insights into the  phe- 
nomenon obtained with functional assays are greatly to 
be welcomed. 
In this issue of The  Journal of General Physiology, Karpen 
and Brown (1996)  refine their application of the tech- 
nique  of covalent activation of the  cyclic  nucleotide- 
gated channel of retinal rods with the photoaffinity  an- 
alogue  8-p-azidophenacylthio-cGMP, and  in  doing so 
advance the investigation of cooperative channel gat- 
ing. The novel technical feat of the effort of Brown and 
Karpen (1996)  is the production of membrane patches 
reasonably argued to contain only fully liganded chan- 
nels,  or  channels having one  unliganded nucleotide 
binding site. 
Although  cyclic  nucleotide-gated  ion  channels 
(CNCs)  took  their  seat  in  the  congress  of  known 
ligand-gated channels just a  little  over a  decade ago 
(Fesenko et al.,  1985),  work on  them has proceeded 
very rapidly. They are well characterized functionally  as 
nondesensitizing, cooperatively gated, and weakly spe- 
cific cation channels with rectifying properties depen- 
dent  on  divalent  cation  blocking  (Yau and  Baylor, 
1989; Kaupp, 1991).  Beginning with the bovine retinal 
rod channel (Kaupp et al., 1989) more than 10 distinct 
CNCs have been cloned and sequenced; of these most 
have  been  characterized  functionally after  re-expres- 
sion (Yau and Chen, 1995).  The generic native CNC is 
likely a  heteromultimer comprising four  (or possibly 
five) subunits, each having six transmembrane segments, 
with a ligand binding domain on the cytoplasmic side 
(Fig.  1; Kaupp, 1991; Molday and Hsu, 1994; Yau and 
Chert, 1995).  CNCs constitute a distinct and archetypal 
family of ligand-gated channels, likely formed by the 
combination of a general nucleotide binding domain 
with an ur-channel subunit having a domain closely re- 
sembling the $4 voltage-sensing domain of some classes 
of K channels (Jan and  Jan, 1990; Yau and Chen, 1995). 
This view is now strongly supported by recent work on 
mutant and chimeric CNCs (Heginbotham et al., 1992; 
Goulding et al., 1994), and a growing body of sequence 
homology data.  CNCs  have  two  known subunits:  the 
~-subunit, originally cloned by Kaupp et al. (1989), can 
form homomultimeric channels; the [3-subunit, discov- 
ered later  (Chen et al.,  1993) forms functional chan- 
nels only in conjunction with the ~-subunit. (Excellent 
reviews of CNC structure and functional properties can 
be found in Kaupp, 1991; Molday and Tsu,  1994; Yau 
and Chen, 1995; Menini, 1995.) 
The nucleotide dependence of steady state currents 
through  CNCs  is  usually well  described  by  the  Hill 
equation 
cG n 
n  J/Jmax  cG" +  K1/2  (1) 
whereJis the average current through a patch of mem- 
brane exposed at some particular transmembrane po- 
tential to a concentration cG of cGMP, Jm~ is the maxi- 
mum average current at high cG, Kl/2 is the value of cG 
yielding 50% activation, and n, the Hill constant. Accu- 
rate estimation of the parameters of Eq. 1 requires very 
stable recordings. Thus, the absence of desensitization 
is both a fundamental property of CNC gating, and of 
considerable practical importance in experiments such 
as those of Brown and Karpen (1996), in which individ- 
ual patches may be investigated for hours, and the re- 
sultant data subsequently analyzed with Eq. 1 or related 
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a subunit of a cyclic nucleotide-gated  cation channel. 
The putative membrane-spanning helices H1-H5 cor- 
respond to linear segments  of the peptide chain  as 
originally labeled  by Kaupp et  al.  (1991); further 
modifications of the scheme are as found in B6nigk 
et al. (1993); see also Molday (1994) and Chen and 
Yau  (1995). After B6nigk et al. (1993).  (B) Possible 
arrangement of four subunits to form a channel;  the 
perspective is looking down on the channel from the 
extracellular  face.  Modified  from  Alsobrook  and 
Stevens (1988). 
variants.  Analysis  of kinetic  schemes  that  yield  Eq.  1 
show that n provides an estimate of the minimum num- 
ber of ligands  needed  to produce  measureable activa- 
tion. The general adequacy of the Hill equation with n = 
2-3 as a  description  of CNC currents  is  the  empirical 
basis for the hypothesis that the gating process is mech- 
anistically cooperative. A  general  issue  in  the  applica- 
tion  of such  kinetic  schemes, however, is whether  the 
system is molecularly  (or functionally)  homogeneous. 
If not,  then  the current data will sample properties of 
several related  functional  systems in  parallel,  and  the 
estimated parameters are not readily interpretable. It is 
therefore  important  to  note  that  for a  homogeneous 
population  of channels  activated  by a  single  binding 
site n is expected to be unity. 
A basic finding of Karpen and Brown  (1996)  is that 
n  =  0.65  (very reliably <  1)  for the residual current ac- 
tivable by cGMP after covalent activation of ~  80%  of 
the cGMP-gated current of a  patch of native rod mem- 
brane.  Karpen and  Brown  (1996)  make a  strong case 
that such  high  covalent activation produces a  channel 
population  with  only  one  binding  site  unliganded 
(1BUs).  Such  a value of n  technically classifies the sys- 
tem  as  having  a  negative  cooperativity.  Karpen  and 
Brown  (1996),  however, show the finding that n  <  1 is 
best accounted for by heterogeneity in the dissociation 
constant for cGMP of the 1BU sites, with nearly 30-fold 
relative affinities of the two sites of the best-fitting two- 
site  model  (Karpen  and  Brown,  Fig.  5  B).  Moreover, 
they also report that  n  is almost identically equal  to  1 
for activation of 1BUs of some presumably homomulti- 
meric  CNC  channels  (obtained  by  expressing  the 
cx-subunit  in  Xenopus  oocytes).  It is  therefore  reason- 
able to infer that the heterogeneity in ligand affinity of 
1BUs in  native  membrane patches  is  due  to  the  pres- 
ence of the [3-subunit in native channels. The observed 
heterogeneity in cGMP binding of 1BUs may also result 
from an intrinsic heterogeneity of the presumed homo- 
multimers,  because  n  is  usually  found  to  be  <  1  for 
channels  expressed  in  oocytes.  The  mechanistic  basis 
for such heterogeneity is obscure, but a  similar hetero- 
geneity  (over  time)  has  been  observed  in  voltage- 
dependent  sodium  channels  in  oocytes  (Zhou  et  al. 
1991)  and in planar bilayers  (Chabala et al.,  1991).  In 
the latter system, at least, one can exclude the possibil- 
ity that covalent modification of the channel protein is 
involved. 
Future  studies of the molecular basis for the hetero- 
geneity in cGMP affinity are likely to depend on single- 
channel  experiments  having  1BU  channels  in  the 
patches.  In  such  a  system,  the  prediction  of binding 
sites  with  different  ligand  affinity  should  be  readily 
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between the inferred bimudal population of 1BU sites. 
Moreover, single-channel data of 1BU channels should 
also provide valuable new insights into the kinetics of 
the gating mechanism. An even more ambitious under- 
taking would be to attempt to prepare patches with sin- 
gle  channels having only a  single covalently attached 
ligand; detection of the  number  of ligands might be 
possible  with  single-photon  fluorescence  methods. 
Such channels might provide the grist for tests of CNC 
gating models based on Monod-Wyman-Changeux al- 
losteric  mechanisms  (Goulding et  al.,  1994; Jackson, 
1994; Changeux and Edelstein, 1994). 
E. N. Pugh,Jr., holds the Shalam Chair in the School of Arts and Sciences at the University  of Pennsylva- 
nia, where he was Director of the Biological Basis of Behavior Program and Associate Director of the In- 
stitute of Neurological Sciences until 1994. 
REFERENCES 
Alsobrook, J.P.,  II, and C.F. Stevens.  1988. Cloning the  calcium 
channel. Trends Neurosci. 11:1-2. 
B6nigk, W., W. Altenhofen, F. Muller, A. Does, M. Illing, R.S. Mol- 
day, and U.B. Kaupp.  1993. Rod and cone photoreceptor cells 
express distinct genes for cGMPogated channels. Neuron.  10:865- 
877. 
Chabala,  L.D., B.W. Urban, L.B. Weiss, W.N. Green,  and  O.S. 
Andersen. 1991. Steady state  gating of batrachotoxin-modified 
sodium channels. Variability and electrolyte-dependent modula- 
tion.J. Gen. Physiol. 98:197-224. 
Changeux,  J.-P., and s.J. Edelstein.  1994. On allosteric mechanisms 
and acetylcholine receptors.  Trends Biochem. Sci. 19:399-400. 
Chen, T.-Y., Y.-W. Peng, R.S. Dhallan, B. Ahamed, R.R. Reed, and 
K.-W. Yau. 1993. A new subunit  of the cyclic nucleotide-gated cat- 
ion channel in retinal rods. Nature (Lond.). 362:764-767. 
Fesenko, E.E., S.S. Kolesnikov, and A.L. Lyubarsky. 1985. Induction 
by cyclic GMP of cationic conductance in plasma membrane of 
retinal rod outer segment. Nature (Lond.).  313:310-313. 
Goudling, E.H.,  G.R. Tibbs,  D.  Liu,  and S.A. Seigelbaum.  1993. 
Role of H5 domain in determining pore diameter and ion per- 
meation through cyclic nucleotide-gated channels. Nature (Lond.). 
364:61-64. 
Heginbotham, L., T. Abramson, and R. MacKinnon. 1992. A func- 
tional connection between  the  pores  of distantly  related  ion 
channels as revealed by mutant K  + channels. Science (Wash. DC). 
258:1152-1155. 
Jackson,  M.B. 1989. Perfection  of a synaptic receptor: kinetics and 
energetics of the  acetylcholine  receptor.  Proc.  Natl.  Acad.  Sci. 
USA. 86:2199-2203. 
Jackson,  M.B. 1994. Single-channel  currents in the nicotinic acetyl- 
choline receptor:  a direct demonstration of allosteric transitions. 
Trends Biochem. Sci.  19:396-398. 
Jan, L.-Y., and Y.N. Jan. 1990. A superfamily of ion channels. Nature 
(Lond. ). 345:672-675. 
Karpen, J.W., and R.L. Brown. 1996. Covalent activation of retinal 
rod cGMP-activated channels reveals a functional heterogeneity 
in the ligand binding  sites.J. Gen. Physiol. 107:169-181. 
Kaupp, U.B. 1991. The cyclic nucleotide-gated channels of verte- 
brate photoreceptors and olfactory epithelium. Trends Neurosci. 
14:150-157. 
Kaupp, U.B., T. Niidome, T. Tanabe, S. Terada, W. B6nigk, W. Stu- 
hmer, N.J. Cook, K. Kangawa, H. Matsuo, T. Hiorse,  T. Miyata, 
and S. Numa. 1989. Primary structure and functional expression 
from complementary DNA of the rod photoreceptor cyclic GMP- 
gated channel. Nature (Lond.).  342:762-766. 
Molday, R.S., Y.-T. Hsu. 1995. The cGMP-gated channel of photore- 
ceptor cells: its structural properties and role in phototransduc- 
tion. Behav. Brain Sci.  18:441-451. 
Menini, A. 1995. Cyclic nucleotide-gated channels in visual and ol- 
factory transduction. Biophys. Chem. 55:185-196. 
Perutz, M. 1990. Mechanisms of Cooperative and Allosteric Regula- 
tion in Proteins. Cambridge University Press, Cambridge, UK. 
Yau, K.-W., and D.A. Baylor. 1989. Cyclic GMP-activated conduc- 
tance of retinal photoreceptor cells. Annu.  Rev. Neurosci. 12:289- 
327. 
Yau, K.-W., and T.Y. Chen. 1995. Cyclic nucleotide-gated channels. 
In Handbook of Receptors  and Channels: Ligand and Voltage- 
gated Ion Channels, R. Alan North, editor. 307-335. 
Zhou, J., J.F.  Potts, J.S. Trimmer, W.S. Agnew, and F.J. Sigworth. 
1991. Multiple gating modes and the effect of modulating  factors 
on the p~I sodium channel. Neuron. 7:775-785. 
167  PUGH 